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DETERMINATION OF GAS TEMPERATURES FROM THE FREQUENCY OF
EKNOCE-INDUCED GAS VIBRATIONS IN AN
INTERNAL~COMBUSTION ENGINE

By W. E. Moecksl and J. C. Evvard

SUMMARY

ObJect. -~ Tu develop a method of obtaining gas temperatures
from the frequency of knock-induced gas vibrations in an intermal-
combusticn engine cylinder.

Scope. - Measurements were made of the frequency of knock-
induced gas vibrations in a CFR cylinder. The variation of this
frequency with fuel-air ratlo, inlet-air tem.erature, and spark
advance was determined. Comwparisuns were also made uf frequenciles
obtained using a shruuded and an unshrouded intake valve and of
frequenclies obtalned when the charge was {lred only on alternate
engine cyclsas. In o»taining temperstures from the frequency data,
the gas-vibration waves were assumed to be propagaied et sonic
velocity. The compusltion of the products of combustiun and the
ratlio of specific heasts of those products were computed as fuunctirns
of fuel-alr ratio and temnerature, and the resulting dala wers used
in calculating temperatures from frequency data. The frequency-
derived temperatures were compared with temmeratures calculated from
pressure data, with termperatures obtalned from therm>dynamic charts,
wlth temperatures indicated by a thermal plug placed in a spark-plug
hole, and with temperatures obtalned by the spectral-line reversal
method by other lnvestigators.

Summary of results. ~ The results of this investigablon may be
sumnarized as follows:

1. Temperatures calculated from Frequency data were in agreement
with temperatures measured by the spectral line-reversal method in
previous investigations and were about 700° F lower than temperatures
obtalned from thermocdynamic charts. Temperatures obtalned from peak-
pressure data were found to Le in poor agreement with freguency-
derived temperatures.
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2. A maximm error of only about 3.5 percent would be intro-
duced in temperatures calculated from frequency data 1f the varl-
ation of the ratio of specific heats wlth fuel-alr ratio and temper-
ature were neglected.

3. A maximum error of about 14 percent would be introduced 1n
frequency-deriveld temperatures if the variation of molecular welght
with fuel-alr ratio were neglected. The varia:ion of molecular
welght with temperature, however, is less than 2 percent between
2500° and 5000° F.

INTRODUCTION

Desplte extensive research in the fleld of knocklng combustilon,
the determination of the variztlon of the frequency of knock-induced
cylinder gas vibrations wilth englne conditions has recelved little
attentlon. As a new approach to such problems as the determination
of cylinder gas temperatures and heat transfer durlng the working
cycle, the measwremvnt of gas-vibration frequencles bhas many inter-
esting and pouontially vaiuabple possibilities. It has an advantage
over other experimental msthods 1n that measurements may be mads
undsr many operating condliticns with little smeclal or compliex equlp-
ment. The Interpretation of vibratlon-frequency data will not, of
course, be entirely satisfactory until an adequate theory of cylinder
gas8 vibrations has been formulated and 1ts validilty checked with
sufficient experimental dsta. The present assumptlon that the vibra-
tion waves &rs propagated at equilibrium sonic velocliy is obviously
not coaplstely satlelactory. It 1s Imown that sound veloclty 1s
Influenced by the dlasoclatlon and recombination reactions taking
place in the cylinder gases during the perlod in which vibraticans
occur. (See reference 1.) It s also recognized thct the phenom-
enon of heat-capacity lag (ses reference 2) may influvence sound
propegation. Experimentel evidence reported In references 3 and 4,
however, seems to 1ndicate that to a good approximation the vibration
waves followlng knock are propagated abt aquillbrium sorlc velocity
and that the porticn of the gaces involved in dissociation and
recoxbination reactions during the period of gas vibration 1s almost
negligibly small.

An exsminatlon of high-speed motlon plctures of knocklng cycles
by C. D. Miller of this laboratory irdicated that the shock wave
asgoclzted with knock 1s initially nropagated at supersonic spoed.
The spzed of this 1nitial shock wave during its firast traversal of
the combustlon chamber was, however, found on analysis to average
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about 3000 feet per second (see reference 5), whereas a rough esti-
mete of the veloclity of sound, made on the basls of calculations
presented in the present report, gives a value of about 3160 feet
per second, which indicates that the Initial shock is propagated at

supersonlc speed for only a portion of the first traversal of the
chamber.

Experiments to determine the frequency and the duration of
combustion nolses in a bomb and in an engine cylinder were reported
by Wawrzinlok (reference 3) in 1933. The author recognized that
"the nolse is a secondary phenomenon of the gas vibrations in the
bomb" and that the frequency of the vibrations depended upon the
temperature of the gases and the dimensions of the combustlion cham-
ber.

In 1934, C. S. Draper (reference 4) published & report con-
taining a theoretlical analysls, based upon the wave equatlon, of the
rosslble modes of gas vibratlion in a cylindrical chamber together
wilth experimental data on the frequency of gas vibratlons in an
engine cylinder. Theorstlcal frequenciles were calculated for the
asgumed modes of vibrations from the equilibriuvm sound-veloclty equa-
tion: the nressures and the densitles were obtalned from nressure
cards and from fuel-flow and alr-flow we=zsurements, respectively.
The gas vibraticns were recorded Ty a nhotographlc osclllograph.

Gas vibratlons were Induced boih by exvlosion of plstol primers and
by knock. The moasured froquoncies agreed closely with the calcu-
lated values,

In the procent investigation the varlation with fusl-air ratio
of tie frequency of gas vibratlons urnder mocking condltions has been
determined for soveral englne condltions. Temperstures have been
calculated from theae frequencies and are compered with temperatures
celculatud from pressurv date, from thormodynemic charts, and from
reports of investigatcrs who used the apectral-lline reversal method.

THEORY

In the calculation of gas temperatures from gas-vibration fre-
quencies, the equilibrium scund-veloclty equation was comblned with
the evquation giving the possible frequencles of vibration of gases
in a flat-end cylinder (sse reference 4):

2 271/2
neo|E2l_, & (1)
(2na) 4h
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o =i(ymn/in’/? (2)
where
n frequency, cycles per second
c speed of propagatlion, feet per second
a radius of cylinder, feet

(Ba) roots of {&Js(ar)/hr]r=a =0 8=0,1,2, ...

Jg Bessel's function of first kind and sth order

r dlstance from center of cylinder

3 0,1, 2, ..

h helght of cylinder chamber, feetl

4 ratlo of specific heats

R gas constant, 4.973 X lO4 foot-poundals per mole per °r
T absolute temperaiure, °Rr

M molecular welght of cylinder charge

(A refinement of equation (2) fcr nonperfect gases ls presented in
eppendix A.)

At the tomperatures exlsting during the perlod of knock-~Ilnduced
gas vibrations only one mode of vibretion in the CFR cylinder ylelds
frequencles below 10,000 cycles per socond. Thls mode 1s also the
one that would be expected to be most readlly excited by knock; that
is, one having a single ncdal pressure plane at the dlameter ver-
pendicular to the dlameter through the center of the position where
knock occurs. (See fig. 3(a), reference 4.) For this mode of vibra-
tion, 8 = 0 and (PBa) = 1.841; equation (1) then becomes:

n = c¢(1.841)/2za (3)
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When equations (2) and (3) are combined, there is obtained:

2.2 .2
T 4n a™n = kno (4)

S Mo (1.841)2 (4.973 x 10%)

For the CFR cylinder used in these tests, & = 0.1354 foot; conse-
quently k = 4.297 X 10'6 mole-seconds2 OR per pound.

Because ¥ and M vary with the temperature and the compo-
sition of the cylinder charge, it 1s necessary to evaluate them as
functions of temperature for several fusl-alr ratios with consider-
eble accuracy in order to be able to determine the temperatures from
equation (4). 8Since no data cf sufficlent accuracy wsre available
on the mixture of gases composing the products of combustion in the
temperature range of interest, the required values of 7y and M
were calculated from specific-heat data and frcm the aguilibrium
reactlions of the constltuont gases. The percentage compoeition of
the products of combustion for several fuel-alr ratios was first
calculated by ths method given in reference & and the specific heats
wera then weighted according to these calculated percentages. An
exposition of thess calculations, tcgether with the referencvs from
vwhich the baslic data wore obtainod, is given in aprendix B. The
rosults of thwse calculations are summarized in figurve 1 and 2 and
in tebles I and II. The specific heacts at zero pressure Cps which

were used in the calculations, are pletted against temperature in
figure 3. An inespection of table II and equation (4) shows that the
maximum error in temperaturesz calculated from fregiencies would be
about 3.5 percent if the variaticn of 7 with temperature and fuel-
alr ratio wers neglected and sbout 14 percent 1f M -wore consldered
constant with respect to fuel-alr ratio and tempmrature.

The relation botween the four variables — fuel-air retio, tem-
perature, frequency, and y - obtained by the calculations is
presented 1n figure 4, The neture of the relations between the
varlables indlcates that the frequency-averaged temperature will be
slightly lower than the average ges temperature. Since the
frequency-tamperature relation at censtant fusl-air ratio was almost
linear, the error thus introduced was negligible.

DESCRIPTION OF APPARATUS AND TEST PROCEDURE

A supercharged CFR engine was used for all tests. It was
equipped with a cylinder having three horizontal spark-plug holes
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and an auxiliary hole located &t the top and slanted at 25° to the
vortical. Dual ignitlion was used for all tests, and a shrouded
intake valve was used for part of them to improve the reproducibility
of- knocking cycles. A echematic dlagram of the cylinder, showlng the
location of the spark plugs and the posltlion of the shroud, 1s pre-
gented 1in flgure 5.

The following englne conditions were maintalned during the tests:

Engine speed, IPM . « « + « s o « « ¢« o =« » s ¢« s s s o +» « » « 1800

Compresslon ratlo . . « ¢« v ¢« ¢« ¢ ¢ o ¢ s ¢« 4 o e s s 2 0 e e T.0
011 temperature, OF . . v ¢« « ¢« ¢ &+ ¢ « o s s o s o s &« & ¢« o« 150
Coolant temperature, OF . . + + « ¢ v o s s o+ s o o« s o &« & « « 250

Inlet-air temperature, °F . . . . . . « « « + « « « . 150, 200, 250
Spark advance, degrees B.T. C e s s 1 e s e a s ¢ a e s s o 20, 30

The fuel used was AN-F-28, Amendment-2.

Pressure cards were obtalned with a Farmboro pressure 1indicator
with a thyratron circuit to provide the avark veltage. (See refer-
ences 7 and 8.) The balanced-pressure-disk pickup used with this
instrument was placed in hole B (figz. 5) when pressure cards were
being taken. 1The average crank angle at which Xncck occurred was
recorded on these indicetor cerda with the ald of a contactor and
the thyratron circult. Thls conta:tcr was set by observing the
posltion on the oscllloscope screen of the lmpulse trace induced by
the sparking of the thyratron clrcuit relative to the sudden empli-
tude increase of the vibration trace at the time of knock. DPressure
data and the average crenk angle of knock occurrence were obtained
as a function of fuel-alr ratio on tke same day and under the same
engine condltions as each of the frequency-date tests,

During tests run with a enrouded valve, the varlatlion wlth fuel-
air ratio of the mean cylinder gas tewmnerature was determinsd by
placing a platinum to platinum-rhodium thermal plug (deactivated with
TEL) in hole A or B (fig. 5). The thernal-plug leads were connected
to a Brown self-baluncing potentiometer and readlings were taken at
each of the data points at which gas-vibration traces were photo-

&raphed.

A magnetostriction pickup was placed in hole A or B (fig. 5) to
obtaln gas-vitration traces on an oaclllcscope screen. In prelimi-
nary tests a plezoelectric quartz pickup and a diaphragm lnduction-
type pickup were used to check the frequenciea obtained with the
magnetostriction pickup.
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In order to facllitate the study of the gas vibrations, the
magnetostriction plckup leads were passed to & 4,000 to 10,000 cycles
per second band-pass fllter and therce to the oscilloscope. The
englne-cycle pressure trace was thus eliminated and-only the pressure
fluctuations due to gas vibrations having frequencles 1ln the pass *
band were visible on the oscilloscope screen.

A 35-millimeter camera having an f/1.9 maximum aperture was used
to photograph the vibration traces appearing on the oscilloscope
screen. The shutter speed was so adjusted that the shutter would be
open for a perlocd of time slightly greater than that of one complete
englne cycle. The horizontal sweep of the oscllloscope was synchro-
nized with the engine cycles by means of a contactoir operated by
gearing 1t to the crankshaft at a ratio of 2:1.

The reference time scale was provided by a callbrated commercial
osclllator, whose output was applied to the oscllloscope and recorded
along with each gus-vibraticn trace. The reference trace and the
ges~vibration trace were photographed on each frame by double exposure.
The reference frequency was set at 5000 cycles per second durlng all
tests.

Because, at a constant fuel-alr ratio, considerables cycle-to-
cycle varlation was found to occur in the freguency of lmock-induced
cylinder gas vibrations, 1t was necessary to take the average of
several traces as the frequency to bo asecribzd to o particular fusl-
alr ratio. In each test betwwen 12 and 16 traces were therefore
photographed at each cf' 10 fusl-alr ratios. All data were teksn at
barely audible knock intenslty. The frequencies of the photogravhed
vibration traces and the reference frequency traces weore meesursd
with a projectcr having a graduated dlstance scale. In all photo-
grephs showing definlte knock, the flve cycles followirg the cccur-
rence of knock were measured and compared wlth five cycles of the
reference trace. In some photosraphs no definite evidence of the
occurrence of lmock appeared, but mild gas vibratlons were visible;
in these cases the flve cycles beglinning at the normal crank anglse
of knock occurrence were measgured. Thls crank angle was determinad
from the position at which kmock occurred in other photographed
traces.

PRESENTATION OF RESULTS

Types of vibration trace., -~ Although all vibration-trace photo-
graphs were taken under knocking conditions, a conslderable varlety
of traces was observed. This varlety was evident in each of the
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series of about 15 traces photographed at a fixed fuel-alr ratio.

The traces obtained were arbitrarily divided into six types of which
five are represented in photographs reproduced in figure 6. In

these photographs, the A 1indicates the crank angle at which knock
normally occurred. The frequencies are the mean of the five vibra-
tion cycles immediately followlng A. The percentage distributlon

of the types varied coneiderably with fuel-air ratio and depended
even more upon whether a shrouded or an unshrouded intake valve was
used. Tracea were classified according to the followlng descriptlons:

Type I (figs. 6{(a), (b), and (c)): Definite knock preceded by

vibrations of medlum amplitude relative to that of the knock-induced
vibrations. The type is characterized by the occurremnce of about 5
to 10 cycles of preknock vibrations followed by the sharp Iincrease
and gradual decrease in vibration amplitude assoclated with the occur-
rence cf knock. The character of the preknock v!brations varlied and
mey be classified as follows: (a) amplitude increasing gradually
until knock occurs; (b) amplitude increasing more rapldly and main-
taining an approximately conetant value until knock occurs; and

(o) amplitude ircreasing rapidly and decreasing slightly before knock
occurs. These subtypes may be seen, reapectively, in figures 6(a),
(b), and (c). With an unshrouded valve installed, preknock vibrations
of subtype (c) decreased in amplitude much more sharply than appears
in figure 6(c) and were more frequent than in tests in which a
shrouded valve was used. The reality of preknock vibrations has

been definitely established by analyses of hlgh-speed motion plc-
tures of knocking cycles. (See reference 9.)

Type II (figa. 6(d), (e), and (f)): Definite knock preceded
by vibrations of amplituée appioaching that of the knock-induced
vibrations. The thres subtypes of preknock vibration described in
ths preceding paragraph were also observed in this category; sub-
types (b) and (c¢) were the mosot common. Figure 6(e) is especlally
interesting in that the normal knock-induced vlibrations seem to be
superimposed upon the high-~amplitude preknock vibrations of sub-
type (b). Mew traces of this peculiar character were encountered.

Type III (figs. 6(g) and (h)): Definlite knock preceded by
vibrations having a small amplitude relative to that of knock-induced
vibrations. With the shrouded valve, this type was predominant in
‘the lsan-mixture region. The amplitude of the preknock vibrations
appearing in this category ls comparable with the amplitude of vibra-~
tions encountered with lnlet-alr pressure several Inches of mercury
below the knock limit,
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Type IV' (figs. 6(1), (J), and (k)): Gradual increase and
decrease in vibration amplitude with no definite evlidsnce of the
occurrenca of knock.. This type of trace was predaminant in the rich-
mixture region when the shrouded valve was used. About one~fourth
of the traces 1n this category showed evlidence of what sesms to be
destructive interference simllar to that encountered consistently in
type V. (Cf. figs. 6(3) and (1).) When this interference was pres-
ent it was 1mpossible to determine the frequency of the first five
cycles following the normal crank angle of knock occurrence because
the distance between peaks was disturbed. Thils subtype, therefore,
is not Included In the determination of mean vibration frequencles.
All other traces imn this category, however, are included. The crank
angle of maxrimum vibration amplitude, in most traces of this type,
corresponded within cne vibration cycle wilth the normal crank angle
of knock occurrence, which seems to indicate that knock actually
occurred in most of these cycles but was of insufficlent intensity
to induce gas vibrations having amplitude greater than the preknock
vlbrations.

Type V (fig. 6(1)): Preknock vibrations followed by an abrupt
decrease In vibration amplitude at the normal crank angle of knock
occurrence. The destructive interference evident in thils type is
perhaps due to the occurrence of Xnock-induced vibrations whose
displacement is out of rhase wlth that of preknock vibrations. This
category was not Included in determinations of mean frequencles.

Tyne VI (not shown): Vidbrations of amplitude too emall for

measurswent throughout the preknock and knock period. This type
was not included in determinations of mean vibratlion frequenciles.

Table IITI 1c a surmary of the type distribution of the photo-
graphed vibration traces for three fuel-alr-ratio ranges and for
tests with the shrouded and with the unshrcuded valve. In the
determination of mean vibration frequencies, all traces of types I,
II, and III were used and all traces of type IV except those showlng
destructive Interference, Types V and VI were not lncluded.

The relative distributlon of the types showing definite knock
or large-amplitude gas vibrations 1s seen to be dependent upon the
fuel-air ratio, as well as upon the type of valve used. (The use
of the shrouded valve is known to increase the turbulence of the
charge and likewlse the reproducibility of knocking cycles.) It may
be concluded that analyses of single lkmocking cycles, or analyses of
kpocking combustion based on one set of engine conditions, should not
be expected to give results which are true for all knockirg cycles
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or any engline condlitions. It 1s seen that the relative amplitude of
preknock vibrations 1s varlable, even under constant engine condi-
tions, and 1s quite independent of knock lntenslity. These experi-
ments also lndicate that gas vibrations may occur lndependently of
the occurrence of knock.

Rellability of the frequency measurement. - The lerge amplitude
of the prekmock vibrations appearing 1n many of the recorded traces
was somevhat unexpected and might be thought to represent spurious
vibrations due to lnadequacles in the mechanlical or electrical sys-
tema. An investigation of the tranalent characteristics of the
pickup and filter combination, howsver, dlé not support this assump-
tlon. Traces obtained by mechanically tapplng the pickup showed
sharp exponentlal decrease in amplitude of vibration. In four cycles
the ampllitude was reduced to one-fourth that of the maximum cycle.
Because all photogrephed gas-vibration traces showed a much more
gradual decrease, trenslent vibratlions, if any were exclted by knock,
were not dominant over gas-rressurs osclllations. It seems vossible,
however, that vibrations having frequencles near the naturel fre-
quency of the piclup would be accentuated beyond thelr true relative
amplitude because of resonance. This effect is apparently negligible,
since the tracss in the medium-mixture range, where frequencles are
not near the natural frequency (abcut 6380 cps), had about the same
distributlon in types of tracze as did the rich-mixture reglon, where
frequencies are near the natural freguency. The lean-mixture traces
showed more heavy-knock traces, but this tendency l1ls reccgnlzed as
characteristic of the mixture range and not of the pickup.

Other evlidence that the frequency and the relative amplitude of
the prelmock and the knock-induced cylirder gas vibratlons are '
largely indepondent of pickup characteristics is provicded by the
results obtained using & plezoelectric quartz pickup» and a diaphragm
inductlon~tyve pickup. Both of these pickups recorded vibratiocas
whose froequencles were distriouted over the same range as those
obtalned with the magnetostvriction pickup. The types of trace
obtalined were also simllar, except that those obtalned with the
quartz pickup showed very little evidence of interference.

The initial shock wave assoclated wlth knock 1s not recorded
on the photographed traces. VWhen a band-pass filter 1s used, a time
delay 1s to be expected for pulses having too sharp a time-of-risse.
This effect was plainly visible in all photographs showing definite
knock and in the traces produced by mechanically tapping the pickup.
The first cycle showing an abrupt increase 1n amplitude was always
lower than the second. The second, however, invarlably had the
groatest amplitude, indicating that the time delay introduced by
the fllter circult influenced the relative amplitude of only the
first cycle.
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Much of the frequency date reported herein was obtalned with
the pickup located in the slanted top cylinder hole; the rest was
.obtained with the pickup in the hole opposite the spark plugs. The
-mean frequencies were found to be the same in elther case within the
normal range of variation. That these frequencles should be inde-
pendent of the location of the pickup in the cylinder 1s to be
expected from the consideration that the gas vibrations include the
entlre combustion space and should therefore at any instant have a
frequency determined by the average conditlon of the entlre charge.

In a preliminary test 1t was determined that the intenslty of
kmock had no noticeabls effect upon ths mean gas-vibration frequency.
Varlations in inlet-alr pressure up to 3 inches of mercury above the
barely audible knock limit revsulted in vibration frequencies whose
varlation at constant fuel-alr ratio waes over the same range as that
at barely audible knock. The occurrence of knock was also found to
increase the amplitude of the vibrations without altering thelr fre-
quencles beyond the extremes encountered at a gilvem fuel-alr ratlo.
Traces showing no definite evidence of knock occurrence had fre-
quencies over the same range as those showlng definlite knock. This
fact indicates that the intensity of knock did not affect the aver-
age gas temperature appreclably. The destructive affects of knock
may therefore be due to deotonation forcea, chemically active products
of combustion, or to increases 1n heat-transfer rates rather than to
large increases in the average gas temperature in the cylinder.

Frequency data. - Figure 7 is a plot of the frequencies of all
measured vibration traces in a single typlcal test run. A partial
explanation of the observed frequency distridbution at a fixed fuel-
air ratio is probably to be found in the cycle-to-cycle variatlon in
fuel-alr ratio, turbulence, fuel mixing, and ignition lag. A meas-
uring uncertainty of about 100 cycles per second, due to the width
of the oscilloscope trace, further accounts for the spread. (A sim-
llar cyclic varilation 1s evident in flame temperatures measured in a
Diesel engine by means of the newly developed slectro-optical pyrom-
eter, described in a paper "Flame-Temperature Measurements in
Internal-Combustion Engines" presented before the A.S.M.E. at &
Cleveland, Ohio meeting in May 1945,)

The mean frequencles and the temperetures recorded by the plat-
inum to platinum-rhodium thermal plug are plotted against fuel-air
ratio for tests run at inlet-alr temperatures of 150°, 200°, and

250° F in figure 8. It is seen that, although the scatter 1n mean-
frequency points 1a conslderable, there is a definite and quite con-
sistent variation with fuel-air ratio. The shrouded-valve ocurves
for inlet temperatures of 150° and 200° F average two test runs; the
shrouded-valve curve for inlet temperature of 250° F averages three.




12 : NACA ARR No. BE6AOT

Figure 8 also includes a plot-of the mean frequencles and the
thermal-plug temperatures for the test in which the charge was fired
on alternate cycles and a plot of the mean frequencies for the tests
run with an unshrouded valve. Of the unshrouded-valve tests, two
were run with a spark advance of 20° B.T.C., as were all shrouded-
valve tests, and one was run with a spark advance of 30° B.T.C.

Pressure data. -~ Figure 9 presents peak pressures, alr flows,
and indicated mean effective pressures for each of the test condi-
tions for which frequency data were obtalned. These data were
obtalned on the same day as the frequency data for the corresponding
englne conditions.

Peak temperatures calculated from the peak-pressure curves of
figure 9 are plotted in figure 10 for inlet-air temperatures of 150°,
200°, and 2500 F. Figure 10 also includes the peak temperatures
calculated for the test in which the charge was fired on altermate
onglne oycles and for the tests run with an unshrouded valve. These
temperetures were calculated from the simple gas-law equatlion:

T = FV/MR (5)
where
T peak temperature, °r
P peak pressure, pounds per square foot

v volume of combustlion chamber at average crank angle of peak
rressure, cubic feet

N number of moles of charge in the cylinder
R gas constant, 1546 foot-pounds per mole per °Rr

The molecular welghts required to calculate N were obtalned from

the calculations of percentage composition of the products of com-
bustion. (See appendix B.) The curves of flgure 10 are uncorrected
for the presence of reslduals or for gas lmperfectlons. For shrouded-
valve tests, V 1s the combustlon-space volume at a crank angle of

10° A.T.C., which was the average crank angle of peak pressure. (See
Fig. 12.) Similarly, for the unshrouded-valve testas, the combustion-
space volume at 14° A.T.C. was assumed for a spark advance of 30° B.T.C.
and that at 20° A.T.C. for a spark advance of 20° B.T.C.
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Figure 11 shows the. relstion between temperatures oalcilatied
from peak pressures and from pressures existing S° after the peak
and the extent to which the corrections for residuals and for gas
imperfections affect these temperatures. The corrections were -
applied to the peak-tempersture curve obtained with a shrouded valve
at an inlet-alr temperature of 200° ¥, The corrected pressure-
derived peak temperatures for teats in which a shrouded valve was
used are in good agreement with those obtained from thermodynamic
charts and temperstures 5° after the poak are about 200° F lower
than peak temperatures at the fuel-air ratio of maximum temperature.
(Temperatures 5° after the peak were calculated because they are
more nearly comparable with frequency-dorived temperatures, as
explained in the discussion of fig. 13.)

The crank angles of the arrival of the flame front at the rear
cylinder wall, of peak pressure, and of the average occurrence of
knock are plotted as functions of fuel-alr ratio in figure 12. The
methods of obtaining the crank angles of average knock occurrence
and peak pressure have already been described. The crank angle at
vhich the flame front arrived at the rear cylinder wall was dester-
mined by placing an lonigzation gap in the cylinder hole oppoalte the
spark plugs. The curves show that peak pressure, knock, and the
completion of burning all occurred at a considerably later crank
angle when an unshrouded valve was used. It 1s also seen that,
although the average crank angle of knock occurrence was, within
experimuntel error, the same as the crank angle of peak pressure
when a shrouded valve was used, knock occurred on the average sev-
eral degrees after puak pressure whun an unshrouded valve was
installed. With the shrcuded valve, the flame front bad traversed
the combustion chamber about 8° crank angle (or about 750 microsec)
before average knock occurred, except in the very rich-mixture
region. This phencmenon was also mentioned in reference 9. With
the unshrouded valve the cyclic varlation in the time of flame-
front arrivel was too great to permit meking a simllar comperison.

Comparison of temperatures. - Flgure 13 1s a comparilson plot
of (1) temperatures obtained from the frequency curves of figure 8;
(2) pressure-derived peak-temperature curves of figure 10; (3) peak
temperatures obtalned from the thermodynamic charts of references 8
and 10; and (4) the thermal-plug temperatures of figure 8. The cyl-
Inder gas-vibration freguencies were converted to temperaturea by
using the chart shown in figure 4. These temperatures should be the
mean temperatures of the cylinder gases over the portion of the
engine cycle represented by the five gas-vibration cycles followling
the normal crank angle of knock occurrence. For the test run with
a shrouded valve the normal crank angle of knock occurrence was,
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wlithin an error of 2° crank angle, the seme as the crank angle of
peak pressure. Inasmuch a&s the five measured gas~vibtration cycles
occupy about 5/6000 second, or about 9° crank engle at an engine
speed of 180C rpm, the average cylinder gas pressurse ani volume
during these cycles are those existing about 5° crark angle after
the attaimment of pesk oressure., Temperatures calcuieted from the
pressures and volures exiphing at thils crank angle wesre fram O to
4 percent lower than peak temperatures; the extent of the decrease
wes greatest at the Tfuel-elr ratlo of maximum temperature and less
at richer and leaner mixtures, Correction of the pressure-derived
temperatvres for the presence of reslduals and for hlgh-pressure
gae Imperfections results in further decreases, These corrections
were celculated for one temperature curve by the methods outlined
In appendix C., The correctlon factors for gas ilmperfections are
seumnarized in table IV. The effects of these corrections on peak
temporatures are shown in figure 11.

DISCUSSION

The validity of the assumptions used to calculate cylinder gas
terperaturee from cylinder gas-vibration frequencles may be Judged
from the following considerations: From figure 13 1t 1s seen that
the only engine cordition for which tempesratures calculated from
froequency Adata and from prossure data are in falrly close agreemens
is tho sne in which an anshrouded valve was used with a spark advance
of 30° B.T.C. The frequency-derivod temperatures did not increase
wion & shrouded valve was used, nor dld ther decrease whon the spark
was rotarded to 2C° B.T.C. with an unshrouded valvoe. The only diffor-
once noted Letweon froquenclass obtained with the shrouded valve and
those obtained with an unsirouded valve was a shift 1n the fuel-alr
ratlo at wvhich maximm tempeorature occurred., This shlift was quite
consletont throughout the combustible fuel-alr-ratio range in that
tho cirve obtained with an unslhirouded valve at a spark advanco of
20° B.T.C. would coincide with that obtained with a ghroudod valve
urder the seme enginoc conditions if translated about 0,006 fuel-alr~
ratio units, No such fuel-air-ratio shift appoars 1n temperatures
calculated from prossure data, which Indicates that the explanatlon
lies in some offoct of the shrouded valve upon sound velocity in the
combustion chamber, The fect that frequencles stayed at about the
same valuss for the unshrouded as for the shrouded valve, whereas
tomperaturses calculatved from pressure data changod greatly, indicates
either that the dependencoe of cylindor gas~vibratlon frequencies
upon temperaturc is not so simple as was assumed or that the pres-
sure dzta are not dependable, Further investigation will be re-
quired boefore the factors affecting the frequency of these vibra-
tions can be determined,
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It 18 interesting to note, however, that frequency-derived tem- .
peratures oxhibit a variation with inlet-air temperatures similar
to that_of the mean thermal-plug temperatures. (See fig. 13.) The
decrease of these temperatures with incrensed inlet-air temperature
18 to be expected from the conslderation that the heat transfer to
the cylinder walls per unit charge welght decreases as the charge
welght is increased. (See reference 11.) The fact that this effect
is noticeable in the frequency-derived temperature curves indicates
that, under certain conditions, this method of determining cylinder
gas temperatures is quite sensitive. Temperatures calculated from
peak-pressure data do not reveal this effect. The spread between
the pressure-derived temperature curves with the shrouded valve at
different inlet-air temperatures is considerably greater near the
fuel-air ratio of maximum temperature than that shown by curves
from the thermodynamic charts or by frequency-derived temperature
curves. This spread must be attributed to the greater experimental
error present in pressure-derived temperatures due to errors in the
pressurse-indicating apparatus and to uncertaintles in the charge
welght,

Another indication that under certain conditlons frequency-
derived temperatures behave according to the expectations of simple
sound theory 1s given by the fact that higher frequenclies were
obtained when the charge was fired on alternate engine cycles. An
Increase in cylinder gas temperatures under these conditions is to
be expectead because of the absence of exhaust-gas dilution. This
increase 1s alaso evident 1ln the pressure-derived tempsrature curves,
The alternate-cycle firing test was run to determine whether the
presence of residuals may have caused the difference in fuel-alr
ratlo between the peaxs of the Irequency-derived temperature curves,
and those of the curves obtalned from pressure data and thermo-
dynemic charts. Filgure 13 shows that the elimination of residuals
had no noticeable effect on the variation of the frequency-derived
temperatures wilth fuel-air ratio.

The data obtalned in this investigation cannot as yet be con-
gldered conclusive. Two phenomens revealed by these data remain
unexplained: the shift in fuel-alr ratio of the frequency-derived
temperature curves when a shrouded valve ls replaced with an
unshrouded one and the fact that frequency-derived temperaturea
remalned abput the same in valus under engine conditions for which
pressure-derived temperatures varled widsly.

With regard to the dlsagreement between pressure-derived and
frequency-derived temperatures, reference may be made to the data
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obtained by Hershey and Paton (reference 12) by the sodium line-
reversal method. The experimental temperatures that they obtained
were, like the frequency-derived temperatures of the present invea-
tigation, from 600° to 1000° F lower than the theoretical tempera-
tures over the entire fuel-air-ratio range. Thelr data further
indicated that the effect of spark advance on peak temperatures was
very small, which 1s 1n sgreement with the fregquency-derived temper-
ature duta reported herein. These agreements argue well for the
valldity of the method of determining gas temperatures from gas-
vibration frequencles and throw doubt upon the accuracy of tempera-
tures obtalned from pressury datu. Further determinations of tem-
purature by the line-reversal method may ve found in references 13
and 14, but thess raports arv not useful for comparison because the
engine conditions that were varlied wsre not the same as those varled
in this investigation. The temperatures, however, are, where cam-
parison 18 possible, 1n approximate agreement with the frequency-
derived temperatures presented in this report.

SUMMARY OF RESULTS

The results\of thls investigation to determine the temperature
of cylinder gases from the frequency of knock-Iinduced cylinder gas
vibrations may be summarilzed as follows:

l. Temperatures calculated from frequency data were in agreement
with temperatures measured by the spectral line-reversal method 1in
previous investigations and were asbout T00° F lower than temperatures
obtained from thermodynamic charts. Temperatures obtalned from peak-
pressure data wers found to be 1ln poor agreement with frequency-
derlved temperatures.

2. A maximum error of only about 3.5 percent would be intro-
duced in temperatures calculated from frequency data if the varila-
tion of the ratio of speciiic heats with fusel-air ratio and temmer-
aturs were neglected.

3. A maximum error of asbout 14 percent would be introduced in
frequency-derived temperatures 1f the variation of molecular weight
with fuel-air ratio were neglected. The varlation of molecular
welght with temperature, however, 1s less than Z percent between
2500° and 5000° F.

Alrcraft Engline Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX A

CORRECTION OF THE SOUND~VELOCITY EQUATION FOR GAS IMPERFECTIONS

In the derivation of equation (4) for the reletion between
frequency and temperature, the ideal-gas equation of state was
essumed, In order to coriect for the characterlistics of real gases,
the sound-velocity equation should be written in the differential
form

e (e & (8)

where V and M are the molar volume and the molecular welght,
respectively, and (dP/dV),y indicates adiabatic differertiaticn

of a correct equation of state, Using the Beattle-Brldgeman equa~-
tion and neglecting correction terms beyond the first ordexr

= RT/V + RTB,/V2 - A /vE (7)

where A, and B, are constants depending conly on the composition
of the gas. Differentimtion with respect to V ylelds:

dP/dV = (R/V + RBo/V2)AT/aV - RT/VE - (RTB, - 40)2/VC  (8)
For an adiabatic proceas

cydT = -PAV (9)

where ¢y 18 the specific heat at constant volume., When equa-
tion (7) 1s substituted in (9)

dT/aV = -RT/cy(1/V + Bo/V2) + Ao/Vecy " (10)

If equations (8) and (10) are combined, the terms rearranged, and
since R/cv sy - 1, the veloclty of eound in real gases 1s

] i1+1/v(za A°(7+1’> 27 = 2) (s - Ao)—](ll)
ul |
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The last torm in the brackets is found to be negligibly small.

Table V gives the correction term l/V{?Bo - Ao(7 + 1)/731] at

four fuol-air ratios for a typical test run using a shrouded valvo
and an inlet-alr tomperature of 200° F, with an assumed 7 of 1.26.

The valuos of B, and Ay for the products of combustion
were obtained by the same method as that ussd for obtaining b' 1in
appendix C; the constants for each constituent were obtained from
roforence 15. It is seocn from table V and equation (1l1) that the
correction for gas-law imperfections would lowor the frequency-
derived tompersture curves of figury 13 about 1.5 porcent near the
poaks and about 3 percent at the richest fuel-ulr mixture. At the
present stage of developmunt of the process of obltalning temperaturses
from gas-vibration frequencles, this correctlon is comsiderod to he
of little significance and has not boon applied in the frequency-
temporature computations.
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APPENDIX B

CALCULATION OF THE COMPOSITION AND THE RATIO OF SPECIFIC
HEATS OF THE PRODUCTS OF COMBUSTION OF FUEL-AIR
MIXTURES AT HIGH TEMPERATURES

In order to determine accurately the values of 7 and M +to
be used in calculating temperatures from frequency data, acourate
data had to be obtained on the composition of the cylinder charge
over the entire combustible fuel-air-ratio range at the temperatures
attained during combustion. Becausv dlssociation and recombination
equilibrium reactions takc place to a noticeable extent at these
temperatures, it was rocognized that composltion data obtained from
exhaust-gas analyses might not be valid for use in computing the 7
and M of the charge. Some high-temporature composition data were
calculated in 1936 by Hershey, Eborhardt, and Hottol (roference 6,
appendix B), but the assumed fuel composition (CHZ.ZS)x waa difforent

from thot used in this investigation, and the fuol-air rntios for
which cumpositinie were computed covernd too small a range tu be of
velue. Tho mothod of refercnce 6, howcver, which is based upon known
equilibrium reactions and dissociation conatunts, was used to compute
the composition of the products of ccmtustion with dry air of (CHz)x

fuel (H/C = 0.166), which is similar to that used in this Invosti-
gation, over a lurge tomporalurs and fuel-air-ratio rrnge. Tho equa-
tlons used, derived in referernce 6, are as follows:

r "
&H, !N, - 3.76AH, - 1.8k, (5,)Y2 |
2|N2 - S.76AHy - 1.86AK,{Hp) "~
B0 = = ) -
17z 1/2
15.04AH, + 7.52AK,(Hy) - 2K (N2)
H,0(,) /2
NO = K, —=e———
K, 5]
c0 = K5Ho (o + NO/2)

3.76A(HzO + KsHp)

co,

(co) (Ez0) /EsHp
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OH = 34320/(52)1/2
0p = Kz(Hp0/Hp)2
H = K (8,2

0 = K.2(02)1/2

In these equatlons, the chemlcal symbols rovresent volume fractions
and the K's arc dissociation constants that may be found as func-
tions of temperature in roforvnce 6, awpundix B. The constent A
deponds on the total number of moles of Op per carbon atom at the
fuel-alr ratio and for the particular fuel for which calculations
aro being made, For (cnz)x fuol,

1.5(F/A)
F/A

A= 8toic _ 3.5 x 0.068/(F/A)

where F/A is the fuel-air ratio and the subscript stoic indicates
the stolchlometric mixture. Computations were mads for scven fuel-
air gatios and for several temperatures in the range from 2500° to
5000% F.

Teble I summarlzes tho results o those calculations., In fig-
ure 1 thu calculated composlitlions ars comparod with those obtalned
from the exhaust-gas analysss of roference 16. It 1s soen that the
two methods glve very similar results and that the differences are
those to be expocted from a consideration of the dissoclation equi-
1ibria existing at the highor temperatures.

If the porcontage composltion of the charge and the specifilc
heats of the constituents as a function of temperature are known,
it 18 possible to calculate a welgbted mean specific heat, which
should be the sneciflc heat «f tho mixture of gasus comprising the
products of combustion. Such calculations were made over the ontire
fuel-air-ratio and temperature range of interest in this investigation.
The speciflc heats of tho constituenits have been determined very
accurately from spectroscopic data. A tabulation of the specific heats
of 0p, Np, CO2, CO, Hp, and H20 from 600° to 5400° R may be found



NACA ARR No. E6AOQT 21

in references 17 and 18. The data on Hy0 are faulty in reference 17
and should be obtained from the corrected table in reference 18,

The specific heats of NO and OH were obtalned from the original
computations in -references 19 and 20, respectively Figure 3is e
Plot of the specific-heat data used in the present computations:

The variation with pressure of these datea is negligible, in the
indicated temperature range, for pressures attained in an englne
cylinder. (See reference 15.)

The following equation was used to ccmpute the speclfic heats
of the products of combustion at fuel-air ratio F/A and tempera-
ture T:

op = 2z vo

P
where

Eb specific heat of the combustion products at F/A and T,
Btu/(mole) (°R)

v volume fraction of the individual constituent at F/A and T

Cp specific heat of the individual constituent at T,
Btu/(mole) (°R)

The summations were made over the eight constituents shown in fig-

ure 3. The products O &end H were not included, inasmuch as

their contribution was found to be negligibly small over the entire
fuel-air-ratio range. (See table I.) From these welghted mean spocific
heats, the welghted mean ratio of specific heats of the mixture at

F/A and T was computed from the formula:

7 = EP/(EP = R)
where R equals 1.986 Btu/(1lb-mole)(°R)

In order to be consistent in carrying out these calculationms,
it would be nsecessary to caloulate the percentage composition at
each of the temperatures for which the weighted specific heats were
caloulated. It 18 evident from figure 2, however, that the varia-
tion of composition with temperature is very small relative to its
varlation with fuel-air ratio. If, therefore, a composition is
asgumed for a tempesrature somewhere in the range for which 7 1s
computed, no apprecieble error will result if the variation of com-
posltion with temperature is neglected.
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Figure 4 1s a plot of the calculated values of 7 against
temperature for several fuel-alr ratlios., The constant-frequency
lines were superimposed upon this plot by the use of equation (4).
The compositions assumed in calculating 7 are indlcated by the
footnote in table I, The molecular welghts used and the resulting
values of 7 are summarized 1n table II.

Dr. Glenn C, Williams of Massachusetts Institute of Technology
has noted that, 1f ¥ defined as the ratio of the specific heats
of the gases at equilibriim is replaced by an "effective" ¥
defined as (OH/AT)p/ (JE/JT)y - where H 1s enthalpy and E is

internal energy ~ and calculated from thermodynamic charts (see
reference 10), the resulting cylinder gas temperatures measured
from vibration fredusncles would be 4 to 7 percent higher than those
reported., The difference between the two methods lles in the inclu-
sion of the point-to-point assoclation and dissociatlion energy on
the thermodynamic charts, The actual. temperature probably lies
between the extremes of the two methods,
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APPERDIX C

CORRECTION FACTORS FOR TEMPERATURES CAICULATED FROM
THE SIMPLE GAS-LAW FORMULA T = PV/NR

The use of a modified van der Waals equation of state permits
the calculation of the discrepancles from the ideal-gas law due to
high pressure. This equation may be written as follows (see refer-
ence 21, p. 2):

b - a/RT

= + 0.625 b2/¥2 + 0,2869 b3/¥3 + 0,1928 bv/vh

PV/RT = 1 +
Reforence 21 presents (p. 51) a table of the van der Waals Db's

for all molecules comprising the products of combustion at e temper-
ature of 6480° R and indicates that the assumption that these are
independont of temperature in the range between 2700° and 9000° R

is Justified. On the same page is a table giving values of PV/RT
as a function of b'p whero D' 1s the van der Waals constant of
the gas mixture belng considered and ¢ 18 1ts density. The van
der Weals a was, as in reference 21, considered to be megligible
1n the temperature renge of interest in this investigatlon.

The b' for the products of combustion of a fuul-alr mixture
is the mean Db, based on partial pressure, of the constituents:

B! = z;fvbz

M
where
b coefficient of individual constituent, cm>/mole
v volume fraction of individual constituent
M mean molecular welght of mixture
b' resulting coefficient of mixture, cm3/gram
The .charge density was oalculated from air-flow and fuel-flow data
at several fuel-alr ratios for a shrouded valve test at an inlet-air

temperature of 200° F. The values of the density correction factor
PVfRT calculated for these conditions are summarized in table IV.
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The correction for the presence of reslduals was obtalned by
assuming the percentage of rcalduals to be that given by the thermo-
dynamic cbarts of references 6 and 10 for the conditions of a par-
ticular test run. Theo charts gave a perconitege of residuale varying
from about 4 percent in the lean-mixturs reglon to about 2.2 percent
gt u fuel-alr ratio of 0.085. An averago value of 3 percent was
assumed for all fusl-air ratios; making the correction factor for
the presence of residuals simply 1/1.03,.or 0597.

In order to obtaln the tempcrature of the oylinder gasos
SC crauk angle after the attaimment of peak pressure Jrom the tem-
perature at peek pressure, the pwak temperature must be multiplied
by the ratio of the product of pressure .apd ' volume 59 after the
pcak to the seme product at peak pressuro.

These oconsiderations result in the frllowing equation for
obtaining corrected tomporaturss 5° after peak from uncorrected peak
temperatures:

To = 0.97 (RT/PV)(P2Va/P1Vi) Ty
where
Ty uncorrected peak temporature
RT/PV reciprocal of ths density correction factor

PpVa- prossure and volume 5° crank angle after the attainment of
peak pressuro

P3V;  roak pressure and volumo

To corrocted temporature 5 crank engloe after attelmment of
peak pressuru

For & shrcuded-valve tcst run, with an inlet-air temperature of
200° F, tho effect of the various correction fectors upon uncorrscted
pesk temperaturos 1s 1llustrated in the plot of figure 1l.
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CALCULATED COMPOSTTION OF THE FPRODUCTS OF COMBUSTION WITH DRY

[

ATR OF A FUEL HAVING TEE FORMULA (cn.g)x

[Eydrogen-carbon ratio = 0,168

Fuel-|Temper- Porcentage by volume
alr ature ”
ratio| (%K) N, Hp g0 | 00z | Oz colNO|OE]|E 0
0.050| 1800 5.0 |1.85%107%| 9.73) 9.75!5.54) 0 ) ) 0 0
22008 74 635; .0053 9.66) 9.69;5.03| .03| .B3| .,24[0 0
2600 |74.2 | .0435 9.21, 9,41/4.50| .28{1.29| .s1lo .05
3000 |73.5 ; .20 8.47| 8.30]4.32| 1.35/2.17|1.89| .07| .24
0.05 | 2400% |74.1 ;0.04 11.50}11.32}1.76| 0.31]0.42]0.42|C 0
0.07 { 1800 !73.3 ;0.25 13.09;12.45!0 o.wolo lo jo o
26008 172.6 3 .30 12.75:11.58: .1b: 1,69 .26| .42, ,02| .0l
3000 |71.4 , .64 111.66' ) 50! .79° 3,611 .94{1.46! .13| .11
0.08 | 2600% |70.35'1.25 113,27, 9 16Tb 5.52] .11| .32:0 0
3000 [69.7 11,40 112.521 3.17] .16, 6.33] .45|1.06] .19| .05
0.09 | 18cC '38.2 i3.4C 12500 7. 54 ¢ 1s.08fc 0o (o o
26002 1563.1 }2.70 113.09' 6.96(0 8.93| .03| .i4| .07|0
3000 |57.6 [2.80 12.?7 6.51; .06| 9.26| .2¢| .78' .26| .03
0.10 | 2400% |65.9 :4.55 ‘12, o 5.30'0 11.85]0 0.09lo 0
2800 165.6 14,40 .1 40! s.10]0 11,u3} .65| .26| .18l0
0.115| 1800 le2.6 '8.50 llJ 20' 4.49,0 1¢.23l0 o i0 0
22002 [62.6 ,7.90 :10.70; 3.90|0 14,5010 .02;0 0
2400 |62.6 17.80 110.87{ 3.64(G 15,04 |0 .03l .05(0
2300 |62.4 |7.60 ilO .75 3.30{0 15.40] .04] .30! .27}0
3000 ;62.3 |7.60 10.63| 3.14|0 15.55| .07| .39| .01

8The compusitions for these temperatures are the ones used in comyuting
the ratlos of specifioc heats of the combustion products.

Natlional Advisory Committee
for Aeronautics
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TABLE IT
CALCULATED MEAN MOLECULAR WEIGHT AND RATIO OF SPECIFIC
HEATS OF THE PRODUCTS OF COMBUSTION WITH IRY
ATR OF A FUEL HAVING THE FORMULA (CHp)_
[Bydrogen-carbon ratio = 0.163]
Fuel-air| Temper- Mean ]Fuel-air Temmex - Mean
ratio ature 7 |moiecular)ratio ature ? [wolecular
(°r) wolght ! (°F) welght
0.05 2500 |1.2713] 28.82 | 0.09 2500 [1.2741| 27.14
3500 |1.2592| 28.79 ; 3500 [1.2611| 27.12
4500 |1.2521! 25,682 4500 |1.2537| 27.02
5000 |1.2498| 28.35 5000 |1.2512| 26.92
0.06 2500 |1.2683] =28.84 ' 0.10 2500 [1.2790| 26.42
3500 |1.2542| 28.80 3500 |1,2657{ 26.42
4500 (1.2472] =za.62 4500 |1.2582] 26.34
5000 |1.2449| 08.29 i 5000 |1.2557| 26.26
0.07 2560 |1.z648| z8.62 ! 0,11 2500 [1.2832| 25.80
350G |1.2526{ 2.1.57 3500 |1.2697] 25.80
4500 |1.2455] 23.36 | 4500 |1.2620] 25.74
5000 |1.2232| =28.¢4 || 5000 |1.2534| 25.67
0.08 2500 11.26%1| =27.92 f 0.12 2500 |1.2e67| 25.20
3500 {1.2565| 27.87 | 3500 {1.2730| 25.20
4500 |1.2483) 27.71 | 4500 |1.25853) 25.16
5000 |1.2468) 27.60 | 5000 |1.2627] 25.10

National Advisory Cominittee
for Aerconautiocs
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PERCENTAGE DISTRIBUTION OF THE SIX TYPES OF PHOTOGRAPHED CYLIRDER-GAS

EBAOT

TABLE ITT

29

VIERATION TRACES FOR THREE FUEL-ATR-RATIO RANGES AND FOR TESTS

USING A SHROUDED AND AN UNSHROUDED INTAKE VALVE

Fuel-alr- 1Type of in- Number of
ratlo rango|take valve Distribution, pejcent traces
Type |Type {Tyve Type'iType Type considered
] I IT | ITI! IV , V VI
'0.045-0.070 [erouded  |21.2| 5.5]41.619.1! 3.8] 6.8 236
Unshrouded | 8.8| 1.6{12.0;24.0| ,1(53.5 197
i
0.070-0.095 |Shroudod 26.0714.€, 6.1:34.1} 9.5 7.7 392
Unshrouded | 7.0] 5.216.7|31.01 5.2|3¢.9] 1m
0.095-0.125 |[Shrouded 22.0112.9| 6.3 40.3!10.0 8.5 385
Tasbiouded |12.2% 5,1|23.3,35.8: 5,1(28.5 ' 498

National Advisory Committee

fcr Asronautics
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TABLE IV
CALCULATED DENSITY~CORRECTION FACTOR FOR THE EQUATION

OF STATE FOR A TYPICAL TEST RUN
[Inlet-air temperature, 200° ¥]

Fuol-| Density | ©b' PV/RT

air (grems/ml) |(ml/grem)!d' x density| (a)

ratlio

0.045{105.7 x 10~%| 1.19 12.6 X 10-°|1.,0128
.055| 56.0 1.177 6.6 1.0067
.065| 50.6 1.165 5.9 1.0080
.075| 55.4 1.164 5.9 1.0060
.085| 65.7 1.168 7.7 1.0078
.095( 77.4 1.178 9.1 1.0093
.105| 89.5 1.193 10.0 1.0110
.115]104,8 1.212 12.7 1.0129
.125{119.3 1.237 14,7 1.0150

Yobtainud from teble XITI, roferonce 21, p. 51,

TABIE V
CORRECTION FACTOR FOR GAS IwFPERFEZCTIONS IN THE
EQUATICN FOR THE SPEED OF SOUND

[Products £ combusiion of {(CHp)y fuol with
dry eir; shroudod jutake velve; Inlot-air
temperaturc, 200° K]

| Fuel- v 2Bo-Ao(7+1) /7RT
eir By Ao |Ao/RT|(rt)3/(1b-mole) =
ratio
0:05 |0:808{79x ¥ 103|0.114 71.25 0.0195
.07 | .e15|825 .097 88.7 .0160
.09 | .760|769 .094 62.6 ,0211
.115| .720|es2 .096 40.0 L0312

National Advisory Committee
for Aeronautios
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Figure 5, - Sketch of the CFR cylinder used in this in-
) vestigation showing the location of the spark-plug holes
and the position of the shroud when a shrouded intake
valve was used.
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{c) Type 1; fuel=air ratio, 0.0853;
frequency, 6897 cycles per second.

Advancing crank angle is toward the right.
The indicated frequencies are the average
of five vibration cycles following A.

Figure 6. - Photographs of the five types of cylinder gas-
vibration traces obtained under knocking conditions. Cal-
ibration frequency, 5000 cycles per second; magnetostric-
tion pickup; 4000~10,000 cycles per second band~pass fil-
ter; CFR cylinder; shrouded intake valve; inlet—-air tem-
perature, 200° F; engine speed, 1800 rpm; compression
ratio, 7.0; spark advance, 20° B.T.C.; coolant temperature,
250° F.
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(f) Type I1; fuel-alr ratio, 0,1052;
frequency, 6775 cycles per second.

Advancing crank angle is toward the right.
The indicated frequencies are the average
of five vibration cycles following A.

Figure 6. - Continued.
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Figure 6.
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Figure 6.
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8"

ney data were obtained,
coolant temperature, 250° F,

9



e-rn MAAAA LARAA LARAS AAAAN LA LARSS ARARR LA o RALAS RARALSARAS AALAS RARAS RALLE RARSS LALRS RALAS LARRA AAR AN LARAS LA A0S AR as a0t i hdinhAeaaaiaasdai s iiiananisntasssnnannsnsan

3 Valve Spark Average crank angle NAT IONAL ADV ISORY 3

3 type advance of peak pressure OMM e

E {deg B.T.C.) (deg A.T.C.) ¢ ITTEE FOR AERQNAUT'CS:

3 O Shrouded 20 10 3

d A Shrouded 20 (alternate- 10 ]

E eycle firing) 3

5600 E_ N Unshrouded 20 20 3

E Shrouded valve 4 Unshrouded 30 14 Shrouded valve E

E Spark sdvance, 20° B.T.C, Spark advance, 20° B.T.C. E

5200 F | ]

F 3

- i : P

3 o . o\ > 3

3 N 4\ .

o E O\ \ aN 3

3 \ A \> 3

mico '7 N\ \ :

s f /14 \-?§ N | :

e f V°1 A < \ E

YLooo £ .

A I/ ) \ 1Y ‘

h - \\ A 3
- o 4 -
o0 Hi X N1
33600 Ef i

¥ f \ [} L& A 3

& N | 4 N [} s

3200 |-

= / X[ 1

3 \ 3

2800 f D\ 3

; Ak f

i 5

2400 » T R :

E (a] Inlet-4ir pempprathre,] 1500 ¥, (b) [Inl4t-ag§r t¢mpetatufe, POOS|F, of fnidt-adr tempedatufe, T, ‘_55;

m -lll Al i ke nalesaabasalandrenisadaadeiaa il uapiudpnionlont it uuulun Acasdiaan sl st nandsanai o Liiailill lll: 'l‘l:
N «06 .08 .10 .12 14 o4 .06 .08 .10 12 C.b Lok .06 .08 .10 .12 g1k

Fuel-air ratilo
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of the engine conditions for which frequency data were obtalned., CFR cylinder; engine speed, 1500 rpm; compressiom ratio, 7.0;
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Figure 12, - Crank angle of the arrival of the flame front at the cylinder-wall opposite
the spark plugs, the peak pressure, and the average occurrence of knock as functions
of fuel-ailr ratio for tests run with a shrouded and with an unshrouded valve, CFR cylinder;
inlet-air temperature, 200° F; engine speed, 1800 rpm; compression ratio, 7.0; spark advance,
200 B,T.C,; coolant temperature, 2500 F.
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Figure 13. - Comparison of temperatures calculated from cylinder-gas vibration frequencles,
uncorrected peak temperatures calculated from peak-pressure curves, peak temperatures
obtalned from thermodynamic¢ charts, and mean cylinder gas temperatures recorded by a
platinum to platinum~rhodium thermal plug.
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